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ABSTRACT 

Manual c o n t r o l  of rendezvous and docking (RVD) of two s p a c e c r a f t  i n  low 
e a r t h  o r b i t  by a ' remote '  human o p e r a t o r  i s  d i s c u s s e d .  Experimental  ev idence  
h a s  shown t h a t  c o n t r o l  performance d e g r a d a t i o n  f o r  l a r g e  t r a n s m i s s i o n  d e l a y s  
(between s p a c e c r a f t  and o p e r a t i o n s  c o n t r o l  c e n t r e )  can b e  s u b s t a n t i a l l y  im-  
proved by t h e  i n t r o d u c t i o n  of p r e d i c t o r  d i s p l a y s .  An i n i t i a l  Optimal Cont ro l  
Model (OCM) a n a l y s i s  of RVD t r a n s l a t i o n a l  and r o t a t i o n a l  p e r t u r b a t i o n  c o n t r o l  
h a s  been performed, w i t h  emphasis p laced  on t h e  p r e d i c t i v e  c a p a b i l i t i e s  of 
t h e  combined Kalman e s t i m a t o r / o p t i m a l  p r e d i c t o r  w i t h  r e s p e c t  t o  c o n t r o l  per- 
formance, f o r  a range  of t i m e  d e l a y s ,  motor n o i s e  levels  and t r a c k i n g  axes .  
OCM p r e d i c t i o n s  are t h e n  used as a r e f e r e n c e  f o r  comparing t r a c k i n g  p e r f o r -  
mance w i t h  a s imple  p r e d i c t o r  d i s p l a y ,  as w e l l  as w i t h  no d i s p l a y  p r e d i c t i o n  
a t  a l l .  Use i s  made h e r e  of an  ' i m p e r f e c t  i n t e r n a l  model'  f o r m u l a t i o n ,  
whereby i t  i s  assumed t h a t  t h e  human o p e r a t o r  h a s  no knowledge of t h e  system 
t r a n s m i s s i o n  d e l a y .  

1. 
_. 

INTRODUCTION 

I n  t h e  c o u r s e  of e a r l y  m i s s i o n s  i n  space  (eg.  Gemini, Apollo,  S k y l a b ) ,  
humans played a n  impor tan t  r o l e ,  e s p e c i a l l y  d u r i n g  launch ,  e a r l y  o r b i t a l  
phases  and s p a c e c r a f t  systems checkout d u r i n g  a c t u a l  f l i g h t .  That r o l e  was 
o f t e n  manager ia l ;  system v a r i a b l e s  w e r e  compared w i t h  nominal v a l u e s  and,  i n  
t h e  c a s e  of u n a c c e p t a b l e  d e v i a t i o n s ,  t h e  s p a c e c r a f t  subsystem would b e  com- 
manded t o  a s tandby o r  s a f e t y  mode. I n  o t h e r  s p a c e  o p e r a t i o n s  t o  d a t e ,  in -  
c l u d i n g  s h u t t l e  a r m  manoeuvres, f u r t h e r m o r e ,  t h e  human o p e r a t o r ' s  ( H O ' s )  
a c t i v i t i e s  have been scheduled  and wel l -def ined  and i n  p r a c t i c a l l y  a l l  cases 
t h e  H O ' s  r o l e  h a s  been v e r y  w e l l  r e h e a r s e d .  
e s p e c i a l l y  cont ingency  o p e r a t i o n s ,  on t h e  o t h e r  hand, f a s t e r  r e s p o n s e s  and 
more a d a p t i v e n e s s ,  f l e x i b i l i t y  and i n n o v a t i o n  are going t o  b e  r e q u i r e d .  

For  f u t u r e  s p a c e  o p e r a t i o n s ,  

During t h e  e x e c u t i o n  of any ( t e 1 e ) o p e r a t i o n  i n  s p a c e ,  t h e  HO,  whether  on 
t h e  ground o r  i n  s p a c e ,  may b e  c o n s i d e r e d  i n  some way t o  b e  ' remote '  --i.e. 
s p a t i a l l y ,  t e m p o r a l l y  a n d / o r  f u n c t i o n a l l y - -  w i t h  r e s p e c t  t o  t h e  sys tem b e i n g  
s u p e r v i s e d  o r  c o n t r o l l e d ,  
e x t e n d i n g  human ( p e r c e p t u a l ,  d e c i s i o n  making and problem s o l v i n g )  c a p a b i l i -  
t i e s  i n t o  space w i l l  n e c e s s i t a t e  f u r t h e r  t e c h n o l o g i c a l  developments b o t h  
towards i n c r e a s i n g  l o c a l  autonomy through a r t i f i c i a l  i n t e l l i g e n c e  and towards 

The combinat ion of remoteness  and t h e  need f o r  

T h i s  work w a s  c a r r i e d  o u t  under  c o n t r a c t  no. 5594/83/NL/AN(SC) f o r  t h e  
European Space Agency (ESA). 
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augmenting t h e  H O ' s  a b i l i t y  t o  i n f l u e n c e  e v e n t s  a t  a remote w o r k s i t e  th rough 
' t e l e p r e s e n c e '  (Akin e t  a l ,  1983). I n  o r d e r  s y s t e m a t i c a l l y  t o  d e f i n e  and op- 
t i m i s e  t h e  d i s t r i b u t i o n  of machine and human i n t e l l i g e n c e  w i t h i n  such remote 
t e l e o p e r a t o r  sys tems,  d e s i g n e r s  of t h e s e  systems w i l l  need t o  base t h e i r  
d e c i s i o n s ,  among o t h e r s ,  upon a n a l y t i c a l  q u a n t i t a t i v e  p r e d i c t i o n s  of t h e  
human o p e r a t o r ' s  performance as a system s u p e r v i s o r  and c o n t r o l l e r .  

One of t h e  most impor tan t  o p e r a t i o n s  i n  s p a c e  i s  rendezvous and docking 
(RVD), whose purpose  i s  t o  b r i n g  t o g e t h e r  and a c h i e v e  a p h y s i c a l  union 
between two o r b i t i n g  s p a c e c r a f t ,  
union opens up t h e  p o s s i b i l i t y  of e x e c u t i o n  of a l a r g e  v a r i e t y  of space  ope- 
r a t i o n s ,  such as t r a n s f e r  of s p a c e c r a f t  o r  s p a c e c r a f t  e lements  t o  new o r b i t s ,  
removal of  d e b r i s  i n  s p a c e ,  assembly of s p a c e c r a f t  i n  o r b i t ,  maintenance of 
s p a c e c r a f t  and exchange of s p a c e c r a f t  payloads.  

The c a p a b i l i t y  of a c h i e v i n g  t h i s  p h y s i c a l  

When RVD o p e r a t i o n s  a r e  performed w i t h  unmanned s p a c e c r a f t ,  o p e r a t i o n s  
are c o n t r o l l e d  from a (ground-based) Opera t ions  C o n t r o l  Cent re  (OCC) Con- 
t ac t  between t h e  OCC and t h e  space  segment (both  s p a c e c r a f t )  i n v o l v e s  ac t i -  
v i t i e s  such a s  p e r i o d i c  checkout of s p a c e c r a f t  sys tems,  c a l i b r a t i o n ,  t r a n s -  
m i s s i o n  of go/no-go commands, moni tor ing  of manoeuvres and, i n  a number of 
c a s e s ,  on- l ine ,  c l o s e d  loop  c o n t r o l  by a human o p e r a t o r  a t  t h e  OCC. 

Direct  communication between an  OCC on t h e  ground and t h e  space  segment 
i s  p o s s i b l e  only  when ' coverage '  e x i s t s ;  t h a t  i s ,  when t h e r e  e x i s t s  a d a t a  
t r a n s m i s s i o n  p a t h  between ground segment and s p a c e  segment, and vice v e r s a .  
Direct  coverage e x i s t s  when t h e  s p a c e c r a f t  a r e  w i t h i n  t h e  o p t i c a l  f i e l d  of  
view of t h e  OCC. However, t h e  t i m e s  a t  which t h i s  o c c u r s  may be i n a p p r o p r i -  
a t e ,  and a l s o  v e r y  b r i e f .  Such d i f f i c u l t i e s  can b e  overcome by u s i n g  a Data  
Relay S a t e l l i t e  (DRS) i n  g e o s t a t i o n a r y  o r b i t .  In a l l  cases t h e  t r a n s m i t t e d  
s i g n a l s  w i l l  b e  de layed  t o  some e x t e n t ,  f o r  b o t h  u p l i n k  and downlink t r a n s -  
m i s s i o n ,  and t h e s e  d e l a y s  w i l l  i n  t u r n  tend  t o  d i m i n i s h  t h e  ease and e f f i -  
c i e n c y  of r e g u l a t i n g  RVD from t h e  O C C ,  Sources  of s i g n a l  t i m e  d e l a y s  i n c l u d e  
d a t a  s y n c h r o n i s a t i o n  and l i m i t e d  d a t a  t r a n s m i s s i o n  c a p a c i t y  ( i n  both  s p a c e  
segment and ground segment) ,  d i s t a n c e  t o  b e  t r a v e l l e d  by t h e  s i g n a l ,  d a t a  
sampling and p r o c e s s i n g ,  d a t a  r o u t i n g  v i a  one o r  more D R S ' s  and a non- 
c o l o c a t e d  ground an tenna  and OCC. 

I n  t h i s  paper  we p r e s e n t  a model a n a l y s i s  of performance d u r i n g  manual ly  
c o n t r o l l e d  RVD f o r  a h y p o t h e t i c a l  ' c h a s e r ' - ' t a r g e t '  system, as i l l u s t r a t e d  i n  
F i g .  1. The c e n t r a l  a s p e c t  addressed h e r e  i s  t h e  e f f e c t  on performance of  a 
communication t i m e  d e l a y  between t h e  BO'S c o n t r o l  s t a t i o n  and t h e  RVD work- 
s i t e  and t h e  improvement i n  performance which can  b e  achieved through t h e  
i n t r o d u c t i o n  of d i s p l a y  p r e d i c t i o n .  We have al lowed t h e  d e l a y  t o  range  as an  
independent  parameter  of t h e  a n a l y s i s ,  between z e r o  ( r e p r e s e n t i n g  RVD d i r e c -  
t e d  by t h e  HO from w i t h i n  t h e  c h a s e r  f o r  example) and s e v e r a l  seconds ( r e p r e -  
s e n t i n g  RVD d i r e c t e d  from t h e  ground, w i t h  communication e s t a b l i s h e d  v i a  one 
o r  more D R S ' s  and ground s t a t i o n s ) .  
h e r e  a r e  t h e  e f f e c t s  of m u l t i - a x i s  c o n t r o l l i n g  and t h e  e f f e c t  of HO-injected 
d i s t u r b a n c e s .  The d i r e c t  manual c o n t r o l  c a s e  h a s  been chosen s p e c i f i c a l l y  i n  
o r d e r  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  and l i m i t s  of  performance f o r  t h i s  fun-  
damental  o p e r a t i o n a l  mode, s i n c e ,  i n  l i g h t  of c u r r e n t  p r o g r e s s  i n  t e l e p r e -  
s e n c e  technology,  manual c o n t r o l  need n o t  n e c e s s a r i l y  be regarded  s o l e l y  a s  a 

The o t h e r  f a c t o r s  which are examined 
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mode of ' l a s t  r e s o r t ' .  Complete d e t a i l s  of t h i s  a n a l y s i s  may b e  found i n  t h e  
r e f e r e n c e  by Milgram e t  a l .  (1984) .  

i' CHASER 

TARGET 

C.M. OF EARTH 

ORBITOF 
TARGET 

F i g .  1 Chaser - ta rge t  r e f e r e n c e  frames.  

2 .  OUTLINE OF ANALYSIS - 

A l a r g e  number of e a r l y  i n v e s t i g a t i o n s  i n t o  t r a c k i n g  performance i n  t h e  
presence  of t i m e  d e l a y s  have i n d i c a t e d  t h a t  performance degrades r a p i d l y  as 
t r a n s m i s s i o n  d e l a y s  i n c r e a s e ,  i f  cont inuous  closed-loop t r a c k i n g  i s  a t t e m p t e d  
w i t h o u t  some k i n d  of mechanism f o r  compensating f o r  t h e s e  d e l a y s .  (Otherwise 
t h e  HO w i l l  adopt  an  open-loop 'move-and-wait' c o n t r o l  s t r a t e g y . )  Such me- 
chanisms may b e  e i t h e r  e x t r i n s i c  o r  i n t r i n s i c  t o  t h e  HO. Some common exam- 
p l e s  of e x t r i n s i c  compensation d e v i c e s  i n c l u d e  p r e d i c t o r  d i s p l a y s ,  quickened 
d i s p l a y s ,  p rev iew d i s p l a y s  and ' f l i g h t  d i r e c t o r '  d i s p l a y s .  Even i f  no such  
e x t e r n a l  a i d s  are s u p p l i e d ,  t h e  HO s t i l l  p o s s e s s e s  ' i n t e r n a l '  i n f o r m a t i o n  
p r o c e s s i n g  c a p a b i l i t i e s  which act  i n t r i n s i c a l l y  t o  compensate f o r  system 
d e l a y s ,  t o  a n  e x t e n t  which depends upon t h e  p a r t i c u l a r  t r a c k i n g  s i t u a t i o n  
( i . e .  d i s p l a y  c h a r a c t e r i s t i c s ,  number of t r a c k i n g  axes, o r d e r  and complexi ty  
of system dynamics, d i s t u r b a n c e  ampl i tude  and bandwidth,  e t c . ) .  T h i s  charac-  
t e r i s t i c  i s  modelled w i t h i n  t h e  Optimal E s t i m a t o r - P r e d i c t o r  p a r t  of t h e  w e l l  
known Optimal C o n t r o l  Model (OCM) (Kleinman, 1969;  Kleinman e t  a l ,  1970) .  

I n  c o n v e n t i o n a l  a p p l i c a t i o n s  of t h e  OCM t h e  HO i s  modelled s p e c i f i c a l l y  
as b e i n g  a b l e ,  by means of t h e  o p t i m a l  p r e d i c t o r ,  t o  compensate f o r  h i s / h e r  
own combined p e r c e p t u a l  d e l a y s  (a long  t h e  o r d e r  of 0.2 s ) .  
v a l i d i t y  of such a d e l a y  compensation (sub)model breaks  down f o r  l a r g e r  t i m e  
d e l a y s ,  e i t h e r  i n t r i n s i c  o r  e x t r i n s i c  o r  combined, h a s  n o t  y e t  t o  our  know- 
l e d g e  been c a r e f u l l y  i n v e s t i g a t e d ,  It w i l l ,  a s  mentioned above, i n  any case 
depend on t h e  c h a r a c t e r i s t i c s  of t h e  t a s k .  
t h i s  a s p e c t  of the OCM has  been e x t r a p o l a t e d  beyond i t s  l i k e l y  range  of val i -  

A t  what p o i n t  t h e  

I n  t h e  a n a l y s i s  which f o l l o w s ,  
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dity. In doing so we have - not presumed that the HO is actually equipped with 
such inherent predictive capabilities. Rather, our first goal is to estimate 
an upper bound on performance, based on the usual assumed limitations of the 
human operator (observation noise, neuromotor noise) but excluding explicit 
perceptual delays (which have been neglected here relative to the much larger 
system transmission delays). By modelling a HO whose predictive capabilities 
are able to compensate optimally for extrinsic system transmission delays, 
what we obtain is an estimate of the best possible system performance, that 
is, the mean performance which might be expected when well-trained H O ' s  are 
provided with an optimal predictor display. 

Regarding such OCM results as forming a hypothetical upper bound on per- 
formance, given the constraints of the task and inherent limitations of the 
optimal predicting HO, it is convenient also to estimate a corresponding 
hypothetical lower bound on performance, based on exactly the same con- 
straints, limitations and assumptions of optimality, but assuming that the HO 
performs noprediction. 
obvious: clearly the HO will always make some effort to compensate for system 
delay. The implication of not doing so is to presume that the HO zeroes 
system errors on the basis of currently displayed information, even though it 
is clear, on the basis of accumulated observations, that this is 'outdated' 
information.) 

-- 
(The reason why this model is hypothetical is 

Finally, with respect to the above two cases, which collectively form a 
performance envelope for this analysis, we examine the case in which the HO 
is presented with a (simple) predictor display, which is designed to ameli- 
orate tracking performance by performing the transmission time delay compen- 
sation extrinsically for the operator. By presenting the model results in 
this manner, i.e. in relation to the estimated performance envelope, it is 
clear i) what performance gains have been made by introducing the particular 
predictor display, and ii) what performance gains conceivably remain to be 
achieved with respect to optimal performance. 

The optimal prediction modelling approach is outlined in the following 
section, and the no-prediction and predictor display analyses are described 
in section 4 .  

- 3 .  OPTIMAL PREDICTION MODEL 

A schematic representation of the Optimal Control Model (OCM) as applied 
here is given in Fig. 2. In that figure both the uplink and downlink time 
delays, T and T are indicated explicitly. In order to justify applying 
the OCM "2s  is" !?A the context of continuous tracking in the presence of com- 
munication time delays (and in the absence of extrinsic predictor aiding), we 
commence by postulating how such a "human optimal feedback controller" might 
conceivably behave under such circumstances. Assuming that, in addition to 
knowing the system dynamics and noise statistics, the HO also knows both the 
downlink and uplink delays, Td and T , the essential elements of such a model 
are : 

27.4  

U 



1. 

2 .  

3 .  

The HO receives noisy delayed display information, on the basis of which 
%(t-T ) >  an optimal estimate of the source of the T -delayed information 
from the remote system, is made. 
The HO knows that if he/she were to generate a control command based 

d - 

upon an estimate of the present system state only, i.e. ?(t), such a 
command would arrive at the remote system at a time T too late. The HO 
must therefore generate a prediction- of the future stgte of the remote 
system, i.e. - ?(t+TU), based upon past control inputs and past and 
present state estimates. 
The HO generates a control signal, u (t), proportional to ?(tST >. 
delayed input to the system in space, u (t)=u (t-TU) , is the optimal 
control input. 

The 
--c 

+ - c  

On the basis of these hypotheses, and assuming stationarity, it can be 
shown that the 'conventional' approach to implementing the OCM can be used to 
analyse such optimal feedback regulation problems with up- and downlink de- 
lays simply by lumping together T=T +T 
standard OCM submodel of HO predictyve compensation f o r  internal perceptual 
time del-ays. In doing so we assume henceforth that the effects of the BO'S 
own perceptual time delays are implicitly included within the total (lumped) 
system time delays. 

and substituting this delay into the d 

I I 
I I 

I 
ESTIMATOR _I - - -  

Fig. 2 Optimal feedback controller for system with up- and downlink 
time delay and observation noise. 
(adapted from Kleinman, 1969) 
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4 .  NO-PREDICTION AND SIMPLE PREDICTOR DISPLAY MODELS - 

The essent ia l  d i f f e r e n c e  between t h e  above model and t h e  model formula- 
t i o n s  used f o r  t h e  a n a l y s i s  of t h e  n o - p r e d i c t i o n  and t h e  s imple  p r e d i c t o r  
d i s p l a y  c a s e s  l i e s  i n  t h e  NO'S knowledge of and r e s p o n s e  t o  t h e  (lumped) sys- 
t e m  t i m e  d e l a y .  I n  t h e  OCM a n a l y s i s ,  where t h e  o p t i m a l  p r e d i c t o r  i s  i n t r i n -  
s i c  t o  t h e  HO, t h e  HO i s  assumed t o  have p e r f e c t  knowledge of t h e  d e l a y  T.  I n  
t h e  p r e s e n t  two c a s e s ,  however, p r e d i c t i o n  i s  e i t h e r  e x t r i n s i c  ( i n  t h e  d i s -  
p l a y )  o r  comple te ly  a b s e n t .  S i n c e  i n  t h e s e  c a s e s  t h e  HO i s  n o t  r e q u i r e d  t o  
have any knowledge of T ,  i t  i s  consequent ly  assumed f o r  t h e  a n a l y s i s  t h a t  t h e  
HO h a s  no knowledge of T.  The r e a s o n  f o r  model l ing t h e s e  two c a s e s  i n  a 
s i m i l a r T a s h i o n  i s  t h a t  f o r  b o t h  c o n f i g u r a t i o n s  t h e  t a s k  of t h e  o p e r a t o r  i s  
i d e n t i c a l :  t o  r e g u l a t e  o u t  sys tem d i s t u r b a n c e s  on t h e  b a s i s  of c u r r e n t l y  
d i s p l a y e d  i n f o r m a t i o n .  

The absence of t h e  H O ' s  knowledge of T i s  a s u f f i c i e n t  nonconformity 
from t h e  c o n v e n t i o n a l  OCM s t r u c t u r e  t o  prevent  u s  from employing t h e  u s u a l  
c losed-form s o l u t i o n  f o r  ensemble average  performance e s t i m a t e s .  What i s  
n e c e s s a r y  i s  t o  f o r m u l a t e  a model s t r u c t u r e  where t h e  a c t u a l  t i m e  d e l a y  i s  
i n c o r p o r a t e d  w i t h i n  t h e  dynamic e q u a t i o n s  of t h e  p h y s i c a l  system, t o g e t h e r  
w i t h  a model of t h e  p r e d i c t o r  d i s p l a y  i f  t h e r e  i s  one,  b u t  where t h e  t i m e  
d e l a y  i s  a b s e n t  from t h e  HO's i n t e r n a l  model of t h a t  system. I n  o t h e r  words,  
an  a n a l y s i s  must be performed whereby t h e  €IO h a s  an  i m p e r f e c t  i n t e r n a l  model 
of t h e  p h y s i c a l  system t o  b e  c o n t r o l l e d .  

A s  p o i n t e d  o u t  r e c e n t l y  by Baron ( 1 9 8 4 ) ,  v e r y  l i t t l e  work h a s  been done 
on model l ing  s i t u a t i o n s  i n  which t h e  system t o  be c o n t r o l l e d  i s  i l l - d e f i n e d  
f o r  t h e  HO. The approach t a k e n  h e r e  para l le l s  t h a t  o u t l i n e d  i n  Baron SI Ber- 
l i n e r  (1975) and t h e  b a s i c  c o n c e p t s  are i l l u s t r a t e d  i n  F i g .  3. The formula- 
t i o n  f o r  t h e  "real" system i s  expressed  i n  t h e  f i g u r e  i n  t h e  s t a n d a r d  s ta te  
s p a c e  form as shown: 

- i ( t )  = - -  A x ( t )  + B u ( t )  i- I ? T J ( ~ )  (1) --c 

where u ( t )  i s  t h e  HO's command i n p u t  and w ( t )  i s  t h e  independent ,  g a u s s i a n  
w h i t e  system d i s t u r b a n c e .  S i n c e  t h e  "realK system i n c l u d e s  a l l  p h y s i c a l  ele- 
ments e x t e r n a l  t o  t h e  HO, i f  t h e r e  i s  any t r a n s m i s s i o n  d e l a y  i n  t h e  system i t  
w i l l  be  i n c l u d e d  i n  t h e  upper  b l o c k  i n  F i g .  3 .  The d i s p l a y  m a t r i x  ( C ) ,  in -  
c l u d i n g  any  p r e d i c t i v e  d i s p l a y ,  i s  a l s o  p a r t  of t h a t  b lock .  
i n f o r m a t i o n  c o r r u p t e d  by o b s e r v a t i o n  n o i s e  which i s  p e r c e i v e d  by t h e  HO i s  
expressed  by: 

-c 

The d i s p l a y  

c x ( t )  -t- v ( t )  
Y - -  

where v ( t )  i s  a g a u s s i a n ,  w h i t e  n o i s e ,  Note t h a t  f o r  t h i s  a n a l y s i s ,  as f o r  
t h e  o p z m a l  p r e d i c t i o n  model above, w e  have n e g l e c t e d  t h e  human o p e r a t o r ' s  
own i n t e r n a l  p e r c e p t u a l  t i m e  d e l a y .  

Oppos i te  t h e  "real" sys tem b l o c k  i n  Fig.  3 is  t h e  NO'S i n t e r n a l  model of 
t h a t  sys tem,  which may o r  may n o t  b e  t h e  same, i . e .  p e r f e c t .  For  t h e  sake o f  
g e n e r a l i t y  t h e  H O ' s  i n t e r n a l  model of t h e  system i s  e x p r e s s e d  i n  terms of a 
d i f f e r e n t  s t a t e  v e c t o r ,  z,  a s  shown: - 

2 7 . 6  



!i = ;i z(t) f 5 u (t) + E w(t) -- --c - --  (3) 
N 

where the symbol is used to distinguish the internal HO model parameters 
from those corresponding to the "real" system. 
vector may or may not be the Sam2 as z:, 
tation, as defined by the HO's - - -  A ,  B y  C y  E matrices, may differ from the real 
system, the conventional assumption that the HO has a perfect internal repre- 
sentation of the covariance of the independent disturbance, w(t), of the ob- 
servation noise v (t) and of his own injected motor noise, v-(t), is retained -Y -u for this analysis. 

The dimension of the H O ' s  z 
$ereas the HO's internal represen- 

Similar to the OCM description above for no transmission delay, the HO 
is assumed to estimate the current presumed system state, 2(t), on the basis 
of both observed and expected display information, accordizg to: 

b(t) = 2(t) + B u (t) + E (C x(t) + v (t) - - -  E 2(t)) 
-Y - - -  --c - --  ( 4 )  

where 
right Kand side of equation ( 4 )  is the difference between thz current per- 
ceived information i n  equation (2) and the H O ' s  expectation -- C ẑ(t). 

is the H O ' s  Kalman gain. Note that the bracketed expression on the 

Further- 

_ _ - - _ _ - _ - - - - - -  

HUM AN OPE RATOR'S 

INTERNAL MODEL 

- ; (t)=7& ( t ) + E y c  ( t ) + E E  (t)  

Fig. 3 Interface for imperfect internal model formulation. 
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more, as i n d i c a t e d  a l s o  i n  F ig .  2 ,  t h e  NO i s  assumed t o  g e n e r a t e  an  opt imal  
c o n t r o l  command p r o p o r t i o n a l  t o  - Z ( t ) ,  g iven  by: 

N 

u ( t )  = -L Z ( t )  -- I: 
( 5 )  

which minimises  a s p e c i f i e d  c o s t  f u n c t i o n a l .  
f i n e  t h i s  c o s t  f u n c t i o n a l  are assumed t o  b e  t h e  same as f o r  t h e  o p t i m a l  p r e -  
d i c t o r  case, since t h e  g o a l s  of t h e  t a s k  are- the same f o r  b o t h  c a s e s .  The L 
m a t r i x  must b e  computed on t h e  b a s i s  of t h e  A and B m a t r i c e s ,  however, r a t h e r  
t h a n  on A and B.  

The weight ing  f a c t o r s  which de- 

- - 
- - 

S u b s t i t u t i n g  e q u a t i o n  (5) i n t o  b o t h  e q u a t i o n  ( 4 )  and e q u a t i o n  (11, t h e  
r e s u l t s  can b e  combined i n t o  a s i n g l e  l i n e a r  system of m a t r i x  e q u a t i o n s  which 
d e s c r i b e  t h e  system i n  F ig .  3: 

I+ 
Assuming s t a t i o n a r i t y ,  t h e  c o v a r i a n c e  of t h e  combined [ x  21'  v e c t o r  can be 
s o l v e d  w i t h  c o n v e n t i o n a l  l i n e a r  m a t r i x  o p e r a t i o n s .  

- -  

The o b j e c t i v e  of  i n c o r p o r a t i n g  t h e  t r a n s m i s s i o n  t i m e  d e l a y ,  T ,  w i t h i n  
t h e  a c t u a l  system e q u a t i o n s  can e a s i l y  b e  achieved by means of a l i n e a r  Pad6 
approximation.  I n  t h e  f o l l o w i n g  a n a l y s i s  a second o r d e r  Pad6 f i l t e r  h a s  been 
i n t r o d u c e d  a t  t h e  o u t p u t  of t h e  "real" system, t h a t  i s :  

O ( S )  1 - (1/2)Ts f (1 /12)T2s2  
i ( s )  1 + (1/2)Ts + (1 /12)T2s2  
- =  (7)  

which impl iEs  thaL,  f o r  a n  i n p u t  i ( t )  t o  t h e  f i l t e r ,  o ( t )  % i ( t - T ) .  T h i s  
r e s u l t s  i n  A and B matrices which are sub-matr ices  of A and B.  - - - - 

S i n c e  t h e  HO p a r t  i s  modelled k d e n t i c a l l y  f o r  t h e  p r e d i c t o r  d i s p l a y ,  no- 
p r e d i c t i o n  and OCM cases, t h e  H O ' s  C m a t r i x  i s  i d e n t i c a l  f o r  each.  I n  th i s  
a n a l y s i s  no e x p l i c i t  d i s p l a y  format-has been examined, i . e .  d i s p l a y  vectors = 
o b s e r v a b l e  s t a t e  v e c t o r s .  For t h e  n o - p r e d i c t i o n  case t h e  C matrix merely 
d e f i n e s  t h e  de layed  o u t p u t s  as d i s p l a y s .  
p r e d i c t o r  c a s e ,  a s imple  second o r d e r  t r u n c a t e d  Taylor  series h a s  been u s e d  
f o r  g e n e r a t i n g  a d i s p l a y e d  p r e d i c t i o n  of t h e  system o u t p u t  component x ( t ) :  

To d e f i n e  t h e  C m a t r i x  f o r  t h e  

y ( t )  = x ( t )  + T k ( t )  + T 2 / 2  %(t) Q x(t+T) (8) 

Because t h i r d  d e r i v a t i v e  i n f o r m a t i o n  was u n a v a i l a b l e ,  t h e  observed r a t e  o f  
change of t h e  p r e d i c t e d  d i s p l a y  i s  approximated by: 

$ ( t )  = & ( t )  + T % ( t )  'L k(t+T) ( 9 )  
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5. - OUTLINE OF RVD FINAL APPROACH 

The f i n a l  approach phase of RVD i s  descr ibed  i n  more d e t a i l  i n  Milgram 
e t  a1 (1984) .  I n  summary, dur ing  s ta t ion-keeping of t h e  chaser  a t  an  a i m  
po in t  about 1000 m from t h e  t a r g e t ,  s e v e r a l  a c t i v i t i e s  are c a r r i e d  out  on 
board both s p a c e c r a f t ,  involv ing  equipment checkout,  readying of docking 
mechanisms, determinat ion of r e l a t i v e  p o s i t i o n  and a t t i t u d e ,  e t c .  Upon 
r e c e i p t  of a command from t h e  OCC the  chaser  i n i t i a t e s  t h e  a c q u i s i t i o n  phase 
of RVD. The purpose of t h i s  phase i s  t o  b r ing  the  chaser  from t h e  aim po in t  
t o  a s tandoff  po in t  on t h e  docking a x i s  of t h e  t a r g e t ,  t y p i c a l l y  some 200 m 
from t h e  t a r g e t ,  upon which t h e  chaser  aga in  engages i n  s ta t ion-keeping and 
system checkout. 

Upon r e c e i p t  of another  command from t h e  OCC,  t h e  t r a n s l a t i o n  phase be- 
g ins .  The chaser  now moves along t h e  nominal docking a x i s  of t h e  t a r g e t  to-  
wards another  s tandoff  po in t  some 20 m away from t h e  t a r g e t ,  Here f u r t h e r  
checks are c a r r i e d  out whi le  t h e  chaser  i s  involved i n  s ta t ion-keeping.  The 
chaser  then undergoes a ser ies  o f  con t ro l l ed  a c c e l e r a t i o n s ,  d e c e l e r a t i o n s  and 
c o a s t s ,  and f i n a l l y  achieves phys ica l  contac t  wi th  t h e  t a r g e t ,  wi th  c a r e f u l l y  
c o n t r o l l e d  r e l a t i v e  t r a n s l a t i o n a l  and r o t a t i o n a l  e r r o r s  and r e l a t e d  r a t e  
e r r o r s ,  

I n  order  t o  ana lyse  t h i s  case  i t  i s  c l e a r  t h a t  t h e  va r ious  d e c e l e r a t i o n  
and a c c e l e r a t i o n  manoeuvres from an i n i t i a l  t o  a f i n a l  cons tan t  v e l o c i t y  con- 
s t i t u t e  a te rmina l  c o n t r o l  problem. I n  t h e  p re sen t  RVD case ,  however, it has  
been s p e c i f i e d  t h a t  t hese  manoeuvres are d e t e r m i n i s t i c a l l y  programmed f o r  
each f l i g h t  p r o f i l e .  
out d i s tu rbances ,  o r  p e r t u r b a t i o n s ,  about t h e  preprogrammed nominal f l i g h t  
p r o f i l e  and about t h e  r e l a t i v e  chaser - ta rge t  o r i e n t a t i o n  dur ing  cons t an t  
v e l o c i t y  coas t ing .  The problem of HO-mediated te rmina l  c o n t r o l l i n g  i n  RVD i s  
neve r the l e s s  an important t o p i c  f o r  f u t u r e  study. 

W e  t h e r e f o r e  concen t r a t e  on t h e  problem of r e g u l a t i n g  

The motion of each s p a c e c r a f t  ( i . e .  chaser  and t a r g e t )  can be desc r ibed  
i n  terms of t r a n s l a t i o n a l  motion of i t s  c e n t r e  of mass and r o t a t i o n a l  motion 
around i t s  c e n t r e  of m a s s .  
t i o n ;  r o t a t i o n  d e a l s  wi th  o r i e n t a t i o n .  
motion of r e l a t i v e  p o s i t i o n  and r e l a t i v e  o r i e n t a t i o n ,  c e r t a i n  assumptions 
have been introduced,  s p e c i f i c a l l y :  
- the t a r g e t  moves i n  a near  c i r c u l a r  o r b i t  around t h e  Ear th ,  
- the  t a r g e t  i s  E a r t h - s t a b i l i s e d ,  
- the  t a r g e t  docking a x i s  l i e s  along t h e  p r i n c i p a l  a x i s  of t h e  t a r g e t ;  i n  t h e  

Roughly speaking, t r a n s l a t i o n  d e a l s  wi th  posi-  
I n  order  t o  de r ive  t h e  equat ions  of 

nominal case t h i s  p o i n t s  i n  t h e  d i r e c t i o n  of t h e  o r b i t a l  v e l o c i t y  v e c t o r  

- the  chaser  r e fe rence  frame i s  approximately a l igned  wi th  t h e  t a r g e t  r e fe -  
(Fig.  1) , 

rence frame; i .e .  l a t e r a l  p o s i t i o n  e r r o r s  and t h e i r  rates are s m a l l ,  o r i en -  
t a t i o n  e r r o r s  and t h e i r  rates are small (Fig.  l ) ,  

- the  chaser  docking a x i s  l i es  along t h e  p r i n c i p a l  a x i s  of t h e  chaser .  

These s i m p l i f i c a t i o n s  a l low the  r e l a t i v e  t r a n s l a t i o n a l  p e r t u r b a t i o n  
dynamics t o  be expressed l i n e a r l y  as:  
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where L~J i s  t h e  o r b i t a l  a n g u l a r  v e l o c i t y  and a I a a are scaleci  r h r u s t  
a c c e l e r a t i o n s  ( i n  t h i s  case, maximum v a l u e  = OeLO; Z / Y " ~  a long  t h e  r e s p e c t i v e  
a x e s ,  For p o s i t i o n a l  c o n t r o l  t h e  g o a l  i s  t o  r educe  x,y ( l a t e r a l  e r r o r s )  and 
z ( d e v i a t i o n  from programmed a x i a l  r e i a t i v e  c l o s u r e  prof  i i e )  and t h e i r  der%-- 
v a t i v e s  t o  z e r o .  For  a c i r c u l a r  l o w  e a r t h  o r b i t  of 500 Kin, OJ = 1-1  r a d / s ,  
S u b s t i t u t i n g  t h i s  i n t o  e q u a t i o n  (10) i t  can be  demonstrated tga t  a1.l terms 
i n v o l v i n g  w i n  t h e  p e r t u r b a t i o n  e q u a t i o n s  (10 j are n e g l i g i b l y  s m a l l  g iven  
t h e  maximum t h r u s t  a c c e l e r a t i o n  magnitudes of 0 ,01  m/s29 whence i t  may be  
shobm tha t  t h e  t r a n s l a t i o n a l  dynamics are  e f f e c t i v e l y  uncoupled,  LrL t h e  fol-. 
lowing,  t h e r e f o r e ,  a n a l y s e s  are performed € o r  one r e p r e s e n t a t i v e  g e n e r i c  
t r a c k i n g  a x i s  f rom t h e  uncoupled s y s  t e m  of t r a n s l a t i o n a l  p e r t u r b a t i o n  dyna- 
mics e 

0 Y, 

0 

Turning t o  t h e  r o t a t i o n a l  dynamics,  i t  i s  assumed t h a t  t h e  t a r g e t  i s  
s t a b i l i s e d  w i t h  r e s p e c t  t o  t h e  o r b i t a l  r e f e r e n c e  frame.  The a t t i t u d e  motion 
oT t h e  c h a s e r  r e l a t i v e  t o  t h e  t a r g e t  js t h e r e f o r e  g iven  by: 

w I L ~ L ' ~ .  6 ,  Y9 @ are che axgl:>* o i  o r i c n  a t i o n  o f  _baser w i t h  r e s p e c t  t o  targc-e 
d n d  TI rn , m a re  scal2.d r o t a t i o n  c o  - k c 0 1  d c c e i c r a t i o n s  f i n  tkli.5 case, 
maximum v & l u e  = l " / s ' ) ,  S i n c e  t h e  g o a l  of  att ; tr tde conrrrol i s  t o  z e r ~  t he  
th ree  uncoupled o r i e n i - a t i o n  a n g l e s  v! i~ch have been assutned t o  be small, 
e q u a t i o n s  (11) may c l e a r l y  be  r ega rded  i;s p e r t u r b a t i o n  dynamics,  Also f o r  
t h e  m a L y s i s  of r o t a t i o n a l  c o n t r o l ,  t h e r e f o r e ,  afle r e p r e s e n t a t i v e  g e n e r i c  
t r a c k i n g  a x i s  hac been chosen,  

x v z  

I n  Tab le  1 t h e  nominal lirIits on s r a t e  d e v i a t i o n s  f o r  t h e  g e n e r i c  t r a n s -  
l a t i o n a l  and r o t a t i o n a l  t r a c k i n g  dXeb are g i v e n ,  For t r a n s l a t i o n a l  c o n t r o l  
t-hese l i m i t s  a r e  r ange  ( R )  dependen t ,  a s  shown, The values s e l e c t e d  f o r  t h i s  
s n a l v s i s  have been i n d i c a r e d  by an a s t e r i s k ,  These limits which emphasise  
r a t e  o f  change as opposed  t o  p o s i t i o n < i l  d e v i a t i o n ,  d e f i n e  t h e  c o n t r o l  laws i n  
the ensu ing  model a n a l y s e s .  (No o t h e r  r ange  dependent  pa rame te r s  have been 
asstnmd h e r e ,  I n  p a r l i c u l a r ,  d i s p l a y  o u t p u t s  hdve been assumed equal  t o  

r ange  dependence ~ c i ; l d  ncce,szr i ly  ha\lc t o  have been raketi InEo a c c o u n c  i n  
Chis ( ' o n t e x t .  

m 3y:tem - -  s t a t e  o u t p u t s  e ~i-aii s i s u a 1  disp3lay cues  been modelled e x p l i c i t l y ,  t h e n  

l h e  s p e c i f y i n g  of t h e  magnitude and s t a t i s t i c a l  p r o p e r t i e s  of e x t e r n a l  
a i s t u r b a n c e s  t o  t n i s  dynamic v e h i c u l a r  system is l ess  s t r a i g h t f o r w a r d ,  s i n c e  
most common ' t e r r e s t r i a l '  f a c t o r s ,  such as t u r b u l e n c e  i n  t h e  a i r  o r  bumps on 
tbB;e  road,  are n o t  p r e s e n t  i n  space .  ' ihe p r i n c i p l e  sorirces of w i s e  which 
zei-e assumed are:  
i j  f l u c t u a t i o n s  i n  t h e  t h r u s t e r  o u t p u t s  and t h r u s t e r  c o n t r o l  sysrem, 
ii> c r o s s - c o u p l i n g  between r o t a t i o n a l  and t r a n s l a t i o n a l  c o n t r o l  sys t ems ,  
ili) f l u c t u a t i o n s  i n  t a r g e t  a t t i t u d e  due t o  l i m i t  c y c l i n g  i n  the a t t i t u d e  

c o n t r o l  systeln.  



MAXIMUM POSITION MISALIGNMENT 

MAXIMUM VELOCITY DEVIATION 

* 0.5 ( d  (R % 5 m) 
0 .1  (m) (R % 1 m) 
0.02 (m) (R % 0 . 2  m) 

A 0.01 (m/s) (R % 5 m) 
0.002 (m/s) (R % 1 m) 
0.0004 (m/s) (R % 0 . 2  m) 

Table  1 Nominal l i m i t s  on t r a n s l a t i o n a l  and r o t a t i o n a l  s t a t e  d e v i a t i o n s  
f o r  g e n e r i c  c h a s e r - t a r g e t  system. 

MAXIMUM ATTITUDE MISALIGNMENT 

MAXIMUM ANGULAR VELOCITY DEVIATION 

Another,  more unconvent iona l ,  independent  d i s t u r b a n c e  w a s  assumed: (motor) 
n o i s e  in t roduced  t o  t h e  c o n t r o l  system by t h e  HO and which, due t o  the l a r g e  
t i m e  d e l a y s ,  p r o p a g a t e s  throughout  t h e  system and becomes e f f e c t i v e l y  indepen- 
d e n t  of t h e  o t h e r  s t a t e  v a r i a b l e s .  I n  t h e  f o l l o w i n g  a l l  independent  system 
d i s t u r b a n c e s  have been lumped and modelled c o l l e c t i v e l y  as a low-pass gaus- 
s i a n  n o i s e  w i t h  bandwidth 0.2 r a d / s  and c o v a r i a n c e  e q u a l  t o  1.5% of t h e  
r e l a t e d  maximum t h r u s t  and maximum t o r q u e ,  f o r  t r a n s l a t i o n  and r o t a t i o n  res- 
p e c t i v e l y .  
n o t  p r e s e n t e d  h e r e . )  

(The e f f e c t  of v a r y i n g  bandwidth h a s  a l s o  been a n a l y s e d ,  b u t  i s  

* 1.0 (deg) 

* 0.05 ( d e g / s )  

Another 'problem'  a s s o c i a t e d  w i t h  a n a l y s i n g  such space  p r o p u l s i o n  sys-  
t e m s  i s  t h e  bang-bang n a t u r e  of c o n t r o l  i n p u t s ,  i . e .  a t h r u s t e r  i s  e i t h e r  on 
o r  o f f .  Such systems do n o t  p a r t i c u l a r l y  l e n d  themselves  t o  s t r a i g h t f o r w a r d  
l i n e a r ,  s t a t i o n a r y  a n a l y s i s .  However, i f  t h e  t h r u s t e r  c o n t r o l  l o g i c  i s  con- 
s t r u c t e d  such t h a t  command i n p u t s  are t r a n s l a t e d  i n t o  t r a i n s  of d i s c r e t e  
f i r i n g  p u l s e s  whose f requency  de termines  t h e  n e t  e f f e c t i v e  t h r u s t  o u t p u t  
( i . e .  PFM, o r  p u l s e  f requency  modula t ion) ,  i t  i s  p o s s i b l e  t o  t r e a t  the H O ' s  
c o n t r o l  i n p u t  t o  t h e  t h r u s t e r s  as q u a s i - l i n e a r  and quas i -cont inuous .  
PFM c o n t r o l  l o g i c  was assumed i n  t h e  f o l l o w i n g .  

Such a 

6. MODEL RESULTS 
_. 

I n  F i g .  4 and 5 a r e  shown t h e  OCM r e s u l t s  f o r  t r a n s l a t i o n a l  and r o t a -  
t i o n a l  motions r e s p e c t i v e l y .  I n  both  f i g u r e s  t h e  s t a n d a r d  d e v i a t i o n  of t h e  
p o s i t i o n a l  component i s  shown on t h e  l e f t  and of t h e  v e l o c i t y  component on 
t h e  r i g h t .  
motor n o i s e - t o - s i g n a l  r a t i o ,  P , r e p r e s e n t i n g  t h e  r e l a t i v e  amount of n o i s e  
( i n  dB) i n j e c t e d  by t h e  HO i n t g  t h e  system v i a  h i s / h e r  c o n t r o l  a c t i o n s .  The 
r e a s o n  f o r  a l l o w i n g  P t o  v a r y  i n  t h i s  f a s h i o n  i s  due t o  u n c e r t a i n t y  about  
p r e c i s e  levels  of e x t e r n a l  d i s t u r b a n c e ,  - w ( t ) ,  t o  t h e  system. S i n c e ,  a s  men- 

The second independent  parameter  i n  b o t h  f i g u r e s  i s  t h e  HO's 

U 
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tioned above, we are assuming that the HO is a potential source of approxi- 
mately independent noise, the effect of different disturbance levels has been 
investigated in this fashion. 

Since the noise levels examined here are relatively low, the performance 
for 'nominal' levels of P = -20 dB is quite stable in Fig 4 and 5; the HO/ 
optimal predictor-controlyer is able to regulate the system quite well, even 
up to 10s delay. A s  relative noise level increases, however, performance 
becomes rapidly more divergent. This effect is more pronounced for rota- 
tional control, where noise levels do not go beyond P = -8 dB. 

U 

Relating these results to Table 1, we note that the 30 levels in Fig. 4a 
and b remain well below the specified limits of 0.5 m and 0.01 m/s respec- 
tively over the ranges shown, for P = -20 dB and -10 dB. Comparing these to 
the rotational results in Fig. 5, however, we see that the 30 levels exceed 
the specified maximum attitude misalignment and angular velocity deviation at 
approximately T = 1s and T = Os respectively, for a (noisy) P of -10 dB. 
Clearly, the relative state and control weightings and comparative indepen- 
dent disturbance noise level for rotational control are such that this is a 
more difficult control task than translational control. 

U 

U 

In both Fig. 4 and 5 the performance results are for one representative 
axis out of the three which are being simultaneously tracked. A 'full' 
attention level (P ) of -17 dB has been assumed for each task (Baron, 1984).  
In Fig. 4 attention is evenly allocated across positional and velocity compo- 
nents; in Fig. 5, on the other hand, an optimal distribution of attention has 
been used. A separate analysis has confirmed, however, that due to low sensi- 
tivity in this region, the effective difference between the two approaches 
here is very slight. 

0 

In Fig. 6 and 7 are shown the results of varying the number of axes of 
tracking, i.e. 1, 3 or 6 axes. This has been simulated by means of varying 
the relative fraction of 'full' attention allocated across the various dis- 
play outputs (eg. see Baron, 1984).  The results are qualitatively similar 
for both translational and rotational performance. The important conclusion 
to be drawn from these results is that, although performance decrements in 
the direction expected as the human optimal estimator-controller is required 
to divide attention across increasingly more task dimensions, this perfor- 
mance decrement is not very large, that is, for the particular independent 
and dependent noise conditions which have been assumed. On the other hand, 
it can be expected that, as noise levels increase, the effect of multi-axis 
tracking will become more dramatic. 
the H O ' s  uncertainty about the state of the system will become relatively 
greater more quickly. The consequence of this is that new displayed infor- 
mation becomes more important as expectations based on past observations 
become more unreliable. If under such circumstances the HO is required to 
allocate attention over more axes, the updating of display information will 
fall behind, total uncertainty will increase and performance will 
deteriorate. 

This is because for higher noise levels 

OCM results from Fig. 4 and 5, for the intermediate case P = -14 dB, 
have been plotted in Fig. I) and 10,  together with the model resElts for the 
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n o - p r e d i c t i o n  and p r e d i c t o r  d i s p l a y  a n a l y s e s  d e s c r i b e d  above i n  s e c t i o n  4 .  I n  
o r d e r  t o  a r r i v e  a t  t h e s e  r e s u l t s ,  a r a t h e r  l e n g t h y  e m p i r i c a l  a t t e n t i o n  o p t i -  
m i s a t i o n  procedure  w a s  fo l lowed,  which i s  i l l u s t r a t e d  h e r e  i n  Fig.  8 ,  f o r  
t r a n s l a t i o n a l  c o n t r o l .  I n  t h a t  f i g u r e ,  where t h e  s e l e c t e d  o p t i m a l  a t t e n t i o n  
a l l o c a t i o n  i s  i n d i c a t e d  by arrowheads,  w e  see t h a t ,  f o r  i n c r e a s i n g  sys tem 
t i m e  d e l a y ,  v e l o c i t y  d i s p l a y  i n f o r m a t i o n  ( e q u a t i o n  9 )  becomes less r e l i a b l e  
and t h e  HO must pay i n c r e a s i n g l y  more a t t e n t i o n  t o  p o s i t i o n a l  i n f o r m a t i o n  
( e q u a t i o n  8 ) .  F u r t h e r  d e t a i l s  of t h e  i t e r a t i v e  a l g o r i t h m  n e c e s s a r y  t o  gene- 
ra te  t h e  r e s u l t s  i n  F ig .  9 and 10 f o r  c o n s t a n t  P are g iven  i n  Milgram e t  a 1  
( 1 9 8 4 ) .  U 

R e f e r r i n g  t o  F ig .  9 and 10, i t  must be noted  t h a t  t h e  a b s c i s s a e  d i f f e r  
i n  scale from t h o s e  of F ig .  4 and 5. Note as w e l l  i n  F i g .  9 t h a t  f o r  T = 1s 
numer ica l  i n a c c u r a c y  i n  t h e  p r e d i c t o r  and n o - p r e d i c t i o n  estimates is  i n d i -  
c a t e d  by a s e p a r a t e  symbol. 

A s  expec ted ,  F ig .  9 and 10 i n d i c a t e  b e s t  performance f o r  t h e  o p t i m a l  
p r e d i c t o r ,  wors t  performance f o r  t h e  n o - p r e d i c t i o n  c a s e  and i n t e r m e d i a t e  per-  
formance f o r  t h e  Taylor  p r e d i c t o r  d i s p l a y .  I t  i s  perhaps s u r p r i s i n g ,  i n  con- 
trast  t o  what might o t h e r w i s e  b e  sugges ted  from p r e v i o u s  e x p e r i m e n t a l  evi- 
dence ,  t h a t  t h e  n o - p r e d i c t i o n  performance h a s  been main ta ined  a t  a l l  w i t h i n  
t h e  3s range  b e f o r e  d i v e r g i n g .  The e x p l a n a t i o n  f o r  t h i s  can b e  shown t o  
d e r i v e  from t h e  s p e c i f i c  o p t i m a l  c o n t r o l  l a w s  which have been computed and 
which have t h e  e q u i v a l e n t  e f f e c t  o f  a l a r g e  HO l e a d  compensation. E v a l u a t i o n  
of t h e  v a l i d i t y  of such c o n t r o l  l a w s  must e x p l i c i t l y  t a k e  i n t o  a c c o u n t ,  how- 
ever, t h e  HO's v i s u a l  t h r e s h o l d s  f o r  t h e  o b s e r v a t i o n  of  v e l o c i t y  i n f o r m a t i o n ,  
which i s  n e c e s s a r y  f o r  r e a l i s i n g  t h e  p r e s c r i b e d  feedback c o n t r o l .  

The p r i n c i p l e  f a c t o r  u n d e r l y i n g  t h e  c o n t r o l  performance h e r e ,  t h e r e f o r e ,  
i s  t h e  p r o p o r t i o n a t e l y  l a r g e  weight  a s s i g n e d  t o  minimising v e l o c i t y  devia-  
t i o n s  r e l a t ive  t o  p o s i t i o n a l  misa l ignments ,  as i n d i c a t e d  i n  Table  1. Indeed ,  
w e  n o t e  t h a t  on t h e  r i g h t  hand s i d e s  of F ig .  9 and 10, i .e .  f o r  v e l o c i t y  
d e v i a t i o n s ,  t h e  c u r v e s  shown much more c l o s e l y  t h e  expected p a t t e r n  of r a p i d  
d i v e r g e n c e  of t h e  n o - p r e d i c t i o n  c a s e  as T i n c r e a s e s  and s t a b l e r  performance 
f o r  t h e  Taylor  p r e d i c t o r  case. C l e a r l y ,  a ' b e t t e r '  p r e d i c t o r  d i s p l a y  t h a n  
t h e  s imple  d i s p l a y  d e f i n e d  i n  e q u a t i o n s  (8) and (9)  would g e n e r a t e  less ra- 
p i d l y  i n c r e a s i n g  system o u t p u t  e r r o r s  and would t h u s  b e  a b l e  t o  e x t e n d  t h e  
c o n t r o l l a b l e  t i m e  d e l a y  range  even f u r t h e r ,  t h e  l i m i t  of c o u r s e  b e i n g  an  'op- 
t i m a l '  p r e d i c t o r  d i s p l a y ,  whose performance is  i n d i c a t e d  by t h e  OCM c u r v e s .  

7 .  CONCLUDING REMARKS - 

I n  t h i s  paper  some f a c t o r s  r e l a t e d  t o  t h e  c o n t r o l  of rendezvous and 
docking of  two s p a c e c r a f t  i n  low e a r t h  o r b i t  by a 'remote! human o p e r a t o r  
have been d e a l t  w i t h .  I n  g e n e r a l ,  t h e  remote c o n t r o l  of systems i n  s p a c e ,  
e s p e c i a l l y  i n  the presence  of l a r g e  t r a n s m i s s i o n  d e l a y s ,  h a s  long  been  recog- 
n i s e d  as a t a s k  which i s  i l l - s u i t e d  f o r  t h e  unaided human c o n t r o l l e r ,  and 
t h u s  as a t a s k  which should be as f u l l y  automated as p o s s i b l e .  
f o r  more f l e x i b i l i t y  d u r i n g  scheduled  and unscheduled o p e r a t i o n s  grows, how- 
e v e r ,  s o  w i l l  t h e  need f o r  more o n s i t e  ' i n t e l l i g e n c e ' .  One p o t e n t i a l  way t o  

A s  t h e  need 
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bring the HO 'closer' to the remote sight is to compensate for transmission 
time delays by means o f  predictor displays (of all relevant sensory informa- 
tion). The model results presented in this paper provide an initial indica- 
tion of some of the improvements in Performance which may be gained through 
the use of such displays. 

This paper has also attempted to illustrate the usefulness of adapting 
and applying existing human performance models for the analysis of this rela- 
tively unexplored class of human operator control problems. Further analyses 
are necessary in order to investigate the effects on performance, for exam- 
ple, of different external disturbance characteristics, different system 
dynamics and various advanced display concepts, including other predictor 
displays and integrated display formats such as perspective displays, preview 
displays and director displays. 
models, new modelling approaches must be developed, including improved 
'imperfecc internal model' formulations, terminal control applications and 
open-loop 'move-and-wait' control models. The ultimate goal of these deve- 
lopments is to combine the use of skill-based behaviour models with models of 
cognitively more complex rule-based, and eventually knowledge-based, super- 
visory control behaviour, in order to be able systematically to analyse and 
evaluate a large range of potential teleoperator design alternatives and 
operational procedures. 

In addition to the application of existing 
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